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Abstract

Reproduction and immunity are energy intensive, intimately linked processes in most organisms. 

In women, pregnancy is associated with widespread immunological adaptations that alter 

immunity to many diseases, whereas, immune dysfunction has emerged as a major cause for 

infertility in both men and women. Deciphering the molecular bases of this dynamic association is 

inherently challenging in mammals. This relationship has been traditionally studied in fast-living, 

invertebrate species, often in the context of resource allocation between life history traits. More 

recently, these studies have advanced our understanding of the mechanistic underpinnings of the 

immunity-fertility dialogue. Here, we review the molecular connections between reproduction and 

immunity from the perspective of human pregnancy to mechanistic discoveries in laboratory 

organisms. We focus particularly on recent invertebrate studies identifying conserved signaling 

pathways and transcription factors that regulate resource allocation and shape the balance between 

reproductive status and immune health.
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INTRODUCTION

Reproduction and immunity are intimately linked processes. Historically, pregnancy in 

women was considered to be an extended state of immunosuppression.[1,2] This is partly due 

to the fact that pregnancy represents an exceptional state wherein a genetically distinct fetus 
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is allowed to develop within the mother’s body without stimulating a deleterious immune 

reaction. It is now understood that rather than generalized immunosuppressionpregnancy 

involves a compendium of adaptations of the maternal immune system that play critical roles 

at every step of reproduction, from conception to birth, which also significantly alter a 

woman’s ability to combat disease (reviewed in [1–4]). Similarly, immune status profoundly 

influences reproductive health. A wide body of evidence has accrued that infections and/or 

immune dysfunction negatively impact fertility.[5,6] Recent estimates suggest that up to 20% 

of unexplained infertility in women and men may be attributable to immune dysfunction, 

and the field of “Immunological Infertility” is a rapidly burgeoning area in basic and clinical 

research.[6,7] Despite the strong immunity-fertility links evident in human pregnancy, this 

relationship is inherently challenging to study in people for a variety of reasons, including 

the fact that it is a lengthy endeavor and is also impacted by post-partum (lactation), 

behavioral and psychosocial aspects.

Reproduction and immunity are highly energy intensive functions. In invertebrate species, 

the major energetic expense during procreation is the production of eggs and the deposition 

of large quantities of yolk fat, proteins and organelles in them. Vertebrates, especially 

placental mammals, have additional complex energetic demands besides egg production as 

their reproduction involves remodeling of multiple organs and tissues. Nonetheless, studies 

have estimated that a fullterm human pregnancy requires ~88,000–89,400 kcal, in part to 

support the increased basal metabolic rate (BMR) necessary for fetal tissue synthesis and 

increased effort by the maternal organ systems (e.g., cardiovascular system). BMR is 

projected to increase by 4% during the first trimester and up to 24% during the third 

trimester during pregnancy.[8] However, precise quantification of energetic requirements is 

difficult as they are highly influenced by both internal (age, nutrition, individual physiology) 

as well as external variables (racial and population characteristics). Similarly, mounting and 

sustaining an immune response to an infection requires enormous energetic resources. 

Invertebrates rely on innate immunity to combat pathogens, whereas, vertebrates also utilize 

adaptive immunity. Immune activation, however, is intensely demanding across the 

evolutionary spectrum as all animals upregulate anti-pathogen genes and deploy multiple 

defense and tolerance strategies (Figure 1)[9]. Animals with more complex immune systems 

additionally raise their body temperature, mobilize specialized immune cells and trigger 

humoral responses. Increasing metabolic rate in response to infection is documented across 

mice, birds, and humans (reviewed in [10–12]). One estimate indicated an 8–14% increase in 

BMR in young adult human males infected with a respiratory virus,[10] but as with 

pregnancy, energy needs and metabolic changes vary among individuals due to numerous 

internal and external factors.

There is widespread evidence from model organisms and species in the wild that infections 

reduce fertility, whereas, increased reproduction leads to immunosuppression (reviewed in 
[5,13]). This research has traditionally been conducted in the context of evolutionary “life 

history theory” (LHT) that posits there are “tradeoffs” between competing, energy intensive, 

life history traits, and these are key drivers of speciation (see Box 1 for summary of LHT in 

the context of the immunity-fertility axis).[14,15] Fast living, invertebrate species with short 

lifespans and high fertility rates are exceptionally well-suited for such studies as their 

reproductive output is highly sensitive to endogenous or environmental perturbations such 
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that even subtle shifts in resource allocation can be detected and measured easily.[16] For 

instance, the fruit fly, Drosophila melanogaster, produces ~500 progeny over a 10-day 

period, whereas, the nematode Caenorhabditis elegans lays ~300 progeny within 3–6 days.
[17,18] Additionally, the remarkable ease of molecular and genetic manipulation in flies and 

worms have made it possible to begin addressing the molecular mechanisms underlying the 

immunity-fertility axis. Recent studies have identified signaling pathways and 

transcriptional regulators that mediate this dialogue. Since many of these genes and proteins 

are conserved, these discoveries promise to open up avenues to understand this important 

relationship in humans. In this article, we aim to review the state of our knowledge on the 

molecular connections between reproduction and immunity, from the perspective of human 

pregnancy to mechanistic discoveries in laboratory organisms. We first highlight the major 

immune adaptations of human pregnancy and clinical repercussions of this relationship to 

maternal-fetal health. We then summarize the research from invertebrate models on the 

mutual impacts of fertility and immunity. We focus on recent investigations identifying 

conserved signaling pathways and transcription factors involved in this dialogue, including 

work from our laboratory.

PREGNANCY WIDELY REMODELS MATERNAL IMMUNITY

In women, pregnancy is characterized by widespread shifts in the local and systemic milieu 

of the mother’s immune system involving a host of maternal and fetal factors.[1,3,4] The 

maternal–fetal interface, composed of the maternally derived decidua and the fetus-derived 

placenta, is the main site where local immunomodulation occurs.[20,21] Initial interactions 

between trophoblasts, the leading placental cells, and the decidual immune cells allow the 

embryo, and then the fetus, to develop in the uterus. Besides providing nutrition and oxygen 

to the fetus, the placenta also plays key immunomodulatory roles. For example, placenta-

derived exosomes promote a local immunosuppressive environment.[22] The placenta also 

expresses antiviral Toll-like receptors throughout gestation and secretes a range of 

antimicrobial proteins and peptides that protect the fetus from direct infection.[4] The fetus 

additionally evades detection by not expressing antigens recognizable by the mother’s 

immune cells.[1,3]

On the maternal side, both the innate- and adaptive-immune systems undergo sweeping 

alterations (Figure 2). Constituents of the innate-immune system are critical locally for 

implantation to occur, but globally innate immunity is downregulated during pregnancy, and 

then enhanced again at term to facilitate parturition and labor (Figure 2).[3,4] At the 

maternal-fetal interface, multiple populations of innate-immune cells undergo dynamic 

fluctuations at different stages of pregnancy to facilitate key events. For example, innate 

immune cells, especially natural killer (NK) and mast cells flood the uterine lining to help 

implant the fetus. Specialized uterine NK (uNK) cells interact with the placental cells to 

facilitate blood flow to the embryo. In the first trimester, a specialized population of 

Neutrophils, called N2 cells, becomes prominent and these are important for fetal 

angiogenesis. At term, inflammatory N1 Neutrophils, along with macrophages, mast cells 

and other innate-immune cell types, traffic to the uterus and express matrix metalloproteases 

that help dissolve the fetal membranes and induce uterine contractions (Figure 2) (reviewed 

in [1,3,4]). Similarly, the end of pregnancy is characterized by acute inflammation, 
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particularly in the birth canal.[23] Hence, pregnancy remodels maternal innate immunity and 

repurposes the inflammatory response as the signal and mechanism of labor.

The maternal adaptive immune system, comprising cell-mediated immunity conferred by T 

Cell lymphocytes and humoral immunity provided by B Cell lymphocytes (Figure 1), also 

undergoes major shifts during pregnancy predominantly in T cell profiles. The key 

modification involves a change in the balance between two populations of maternal T cells, 

the T regulatory (Treg) cells and the T helper 17 (Th17) cells (Figure 2).[24,25] Treg cells 

expand dramatically as pregnancy progresses and are thought to be the primary means of 

creating tolerance at the local maternal-fetal interface via activation of the transforming 

growth factor β (TGFβ) signaling pathway and production of the anti-inflammatory 

cytokine, IL10. The Th17 subset, on the other hand, expresses potent pro-inflammatory 

cytokines such as IL17 and is suppressed during pregnancy.[24] The relative proportion of 

two other populations of T cells, the Th1 and Th2 cells (which secrete pro- and anti- 

inflammatory cytokines, respectively) also changes significantly such that Th2 levels are 

elevated and Th1 levels are reduced (Figure 2).[24,25] This is thought to protect the fetus 

from the maternal immune system while maintaining sufficient immune protection for the 

mother, although the relative significance of this adaptation for normal pregnancy has been 

questioned.[26] These shifts maintain humoral immunity while repressing cell-mediated 

immunity in the global maternal immune system. The adaptations in B cells that mediate 

humoral immunity are nuanced and still being discovered.[27]

Following childbirth, the post-partum period is marked by the mother’s immune system 

returning to a pre-pregnancy state. Activated T cells have been reported to increase 12 weeks 

after delivery,[28] whereas, levels of the Th1 cytokines, IFN-γ and IL-2, are restored by 3 

and 4 months post-partum, respectively.[29] However, it may take up to one year for the 

immune system to recover from pregnancy-related changes.[30] Lactation and breast feeding 

– which suppresses fertility – is likely to impact this immune recovery as well,[31] but this 

remains poorly studied. Despite the widely-characterized benefits of breast milk to neonatal 

immunity,[32] to our knowledge no study has directly examined the rate or extent of maternal 

immune recovery among women who breast feed, either exclusively or partially versus those 

who do not.

THE IMMUNOSUPPRESSIVE ALTERATIONS OF PREGNANCY INCREASE 

DISEASE SUSCEPTIBILITY

An interesting consequence of the immune adaptations during mammalian pregnancy is the 

effect on immune resistance of the mother towards various disease symptoms, many of 

which are exacerbated while some are alleviated.[2] Immunity against a number of bacterial, 

parasitic and viral infections is reduced during pregnancy (Figure 2). Yet, the immune 

impact of pregnancy is often through infectious-disease severity rather than incidence per se. 

For instance, the prevalence of influenza in pregnancy is similar to that of the general 

population, yet influenza carries a five-fold higher risk of death in pregnant women.[33] The 

ultimate disease-pregnancy relationship, however, appears to depend on the branch of the 

immune system used to combat a given disease.[34] Defense against infections that are 
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predominantly fought off using inflammatory responses, such as malaria, or those caused by 

bacterial pathogens such as Listeria and Salmonella, is reduced due to expansion of the anti-

inflammatory Treg population.[35,36] By the same token, pregnancy ameliorates diseases of 

chronic inflammation such as Multiple Sclerosis or Rheumatoid Arthritis that are 

characterized by overwhelming Th17 numbers that attack healthy self-tissue.[37] 

Nevertheless, some autoimmune diseases such as Scleroderma and Systemic Lupus 

Erythematosus flare during pregnancy.[3] Inherently low-inflammation helminth infections 

are noted to suppress immunity and push the bias of Th2 immune responses in pregnant 

women even further, causing an array of immununologic effects on mother and fetus and 

increasing co-infection risk to other pathogens.[38] A less-specific impact of helminth 

infection is also a detraction of iron, lipids, and other molecular resources already in high 

demand by the fetus.[39] Thus, unique, pathogen-specific strategies need to be accounted for 

in considering the maternal impact of an infection during pregnancy. The molecular 

mechanisms underlying these variable susceptibilities are poorly understood but have been 

linked, in part, to the canonical reproductive hormones. Progesterone, the hormone whose 

levels rise remarkably to maintain pregnancy, appears to be the force that leads to repression 

of Th1-dependent immune response and increase in levels of Th2-secreted cytokines.[40]

IMMUNE ACTIVATION OFTEN IMPAIRS REPRODUCTIVE FITNESS

There is extensive evidence demonstrating that infections and/or immune dysfunction 

negatively impact every aspect of human reproduction from gamete production and 

establishment and maintenance of pregnancy to fetal and neonatal health.[6,7] Preexisting 

immune disorders are linked to premature ovarian failure, recurrent miscarriages and poor 

pregnancy outcomes.[6,41] During pregnancy, infectious diseases such as malaria or 

pneumonia are associated with increased incidence of fetal growth restriction, premature 

births and adverse pregnancy outcomes.[2] Preeclampsia, or gestational hypertension, 

responsible for ~15% of premature births in the US, is characterized by chronic immune 

activation and high pro-inflammatory cytokine levels.[42] Aberrant maternal immune 

activation has even been implicated in a range of neurocognitive defects in children 

including schizophrenia and autism, and in the effects of cocaine and opioids on the fetal 

respiratory system.[43] Interestingly, even during infections with TORCH pathogens, best 

known for their ability to cross the placenta and directly infect the fetus, pregnancy 

complications due to maternal immune response are noticeable.[44] In many cases, the 

detrimental effects of maternal infection have been ascribed to the production of 

inflammatory factors such as IL-6 that cause conversion of Treg cells into Th17 cells, thus, 

disrupting the Treg:Th17 ratio critical for healthy pregnancy.[45] However, the molecular 

mechanisms that control these shifts remain largely unknown.

MODEL ORGANISM STUDIES HAVE PROVIDED KEY INSIGHTS INTO 

IMMUNITY-FERTILITY MOLECULAR INTERACTIONS

Much of our knowledge about the immunological adaptations of pregnancy, and the links 

between inflammation and poor pregnancy outcomes described above, is derived from 

investigations in rodent models.[34,46] In particular, studies in knock-out mice have allowed 
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for comparisons of pregnancy rates, litter sizes, and embryonic health, linking these to 

changes in specific immune populations. For example, a definitive role of Tregs in 

establishment of pregnancy was shown through a series of elegant mouse experiments in 

which antibody-induced depletion of Tregs was found to induce implantation defects.[47,48] 

Vertebrate models have been used extensively to model infections that decrease fertility, 

either by directly targeting reproductive tissues (e.g., Trypanosoma brucei infecting uterine 

and testicular cells)[49,50] or by spreading to reproductive tissues from systemic origins (e.g., 

ZIKA virus dissemination).[51–54] Though rodent models closely mirror human biology, 

studies with them are hampered by their relatively long lives and low progeny number 

compared to other research models (mice and rats have an average lifespan of ~2 years, 

whereas worms and flies live for ~3 weeks and ~6 months, respectively). The inherent 

complexities of innate and adaptive immune systems in vertebrates also pose challenges to 

mechanistic studies. Alternatively, direct assessment of the immunity-fertility crosstalk is 

easier in many invertebrates because these “fast-living” species have short lifespans, large 

brood sizes and rely on innate immune response alone (Figure 1), although the same 

simplicity also make relevance to mammalian biology challenging.[16] In fact, an extensive 

body of invertebrate literature originating from research on life history traits has documented 

the impact of reproductive activity on immune resistance and vice versa (reviewed in [5,15]). 

Drosophila studies were some of the first to reveal the direct links between matig and 

immune resistance in females, and in recent years, have been instrumental in revealing the 

genes and pathways involved in the immunity-fertility crosstalk.[5,55] Studies in C. elegans, 

on the impact of mating on lifespan, have supported these observations.[56,57] The emerging 

theme from these studies implicates signaling pathways and regulatory molecules with 

important roles in both reproduction and immunity as being central players in determining 

the outcome of the fertility-immunity dialogue (Figure 3). In the next two sections, we 

briefly summarize this work from the fly and worm models.

IMMUNITY-FERTILITY TRADEOFFS ARE EXPLICITLY DEMONSTRATED IN 

INVERTEBRATE MODELS

Generally, immune activity in females in a wide variety of insect species has been reported 

to be associated with reduced fertility.[5] In flies, mosquitoes, crickets and beetles, not only 

pathogenic infection, but even exposure to bacterial cell wall components, causes reductions 

in ovarian protein content, egg number and overall fecundity (reviewed in [5]). In species of 

Anopheles mosquitoes, a targeted degradation of oocytes is observed upon infection by the 

malarial parasite, Plasmodium.[58] In C. elegans, we found that exposure to the opportunistic 

human pathogen, Pseudomonas aeruginosa, caused reduction in the number of eggs laid by 

the animal within 4 h, and declined ~65% by 12 h—well before the animal shows any overt 

signs of infection.[59] Worms exposed to the yeast Cryptococcus neoformans show 

substantially reduced fertility. Fertility is also reduced upon exposure to Shiga toxin-

producing Escherichia coli (SHEC) strains.[60,61] In fact, the dramatic fertility suppression 

induced by C. neoformans has been used as a rapid screening measure to identify conserved, 

virulence-determining pathogen genes.[62] Thus, fertility is responsive to immune 

perturbations and impacts are pathogen specific.[63] Lastly, Drosophila strains selected for 

high resistance to bacteria show reduced fecundity even when uninfected, suggesting that 
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constitutive elevation of immunity is also detrimental for reproduction. This is reminiscent 

of the poor reproductive outcomes associated with chronic inflammatory diseases such as 

asthma in women.[1,2]

Conversely, increased reproductive activity has been associated with reduced immune fitness 

in many species.[5,64] The most explicit demonstrations of this effect have been made in 

Drosophila where female survival after an array of bacterial infections is reduced by mating. 

Mated females exhibit higher pathogen loads and reduced induction of anti-bacterial 

peptides.[65] The molecular basis of this effect can be traced to specific proteins in the 

seminal fluid transferred by the male during copulation. In fact, transferring just the seminal 

fluid without sperm—or sperm proteins alone—is sufficient to make un-mated female flies 

immune-susceptible.[55] It is worth noting here that, in both flies and worms, mating also 

shortens female longevity per se, even in the absence of infection.[56,66] In worms, mating 

has been shown to cause shrinkage of the mother’s body and increased susceptibility to 

osmotic stress.[57] So far, no reports have tested the impact of mating on worm immunity 

directly. Many sterile C. elegans mutants have been shown to survive longer upon infection 

than fertile worms. However, this is true for some sterility-inducing mutations and not 

others.[67] While in most species, the preponderance of data is from observation of females 

there is significant evidence that reproduction has immunological costs (and vice versa) in 

males as well.[68] Lastly, there are some notable exceptions where mating and reproduction 

leads to improved immunity.[5,69–71] These observations underscore the strong links between 

immunity and fertility, and emphasize that even in simple organisms it is shaped by many 

aspects of physiology and behavior besides resource tradeoff (see Box 1 for additional 

considerations and exceptions behind LHT).

MOLECULAR MECHANISMS UNDERLYING THE IMMUNITY-FERTILITY 

RELATIONSHIP ARE POORLY UNDERSTOOD

Despite the wealth of information from model organisms and humans on the mutual impacts 

of reproductive status and immune capability, our knowledge about the molecular 

underpinnings of this relationship is scant. If, as the overwhelming evidence suggests, the 

immunity-fertility relationship is reciprocal and fluid, then it follows logically that there 

must be signaling pathways that discern the animal’s physiological status and transmit this 

knowledge to core regulatory molecules that control these dynamics. The obvious candidates 

for these roles are likely to be signaling cascades and regulatory proteins that function in 

one, or both, of these processes. Indeed, studies in Drosophila and C. elegans have provided 

evidences for this premise that we describe below, although this research is still in its 

infancy.

CONSERVED SIGNALING PATHWAYS HAVE BEEN IMPLICATED IN THE 

IMMUNITY-FERTILITY AXIS

In Drosophila, two signaling pathways have been implicated in directly linking the immune 

and reproductive systems. These are the juvenile hormone (JH) and 20-hydroxyecdysone 

(20E) pathway, and the insulin/IGF1 (IIS) signaling pathway.[5] JH and 20E are major 
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endocrine regulators in insects. JH facilitates larval growth and prevents metamorphosis, 

whereas 20E induces molting. Their balance mediates proper progression through 

development and metamorphosis.[72,73] Post-development, these hormones regulate multiple 

aspects of reproductive maturation, including oocyte maturation.[74, 75] But, during mating 

JH and 20E are mutually antagonistic. In many insect species, mating elevates JH levels and 

depresses 20E levels.[5] The two hormones also have opposing impacts on immunity: JH 

acts as an immune repressor in adults, whereas, 20E acts as an immune activator.[76,77] 

These strikingly opposite profiles have led to the suggestion that they mediate the immunity-

fertility balance with JH promoting procreation and 20E enhancing immunity (Figure 3).[5] 

This is supported by evidence from other insects as well; in some species JH controls 

resource allocation between reproduction and immunity, whereas, in others it drives the 

tradeoff between reproduction and flight capacity.[77–79]

Reproduction and immunity in flies are also governed intimately by the insulin/IGF1 

signaling (IIS) pathway that links nutritional status to growth and proliferation. IIS drives 

oogenesis in the female; egg production is diminished under reduced IIS signaling.[80] In 

contrast, IIS represses immune resistance so that low IIS activity increases immunity and 

immune-response pathways diminish IIS.[81] Interestingly, reduced IIS also leads to 

diminished JH levels in many instances, while low JH causes reduced IIS (Figure 2).[5,82] JH 

and 20E are restricted to insects, but the IIS pathway is a conserved from yeast to humans 

and performs similar anti-immunity functions in worms. Besides essential roles in 

development and maturation of the germline, IIS plays several roles in C. elegans adults 

during reproduction from meiosis progression to sperm guidance.[83,84] As in flies, IIS also 

represses innate immunity in worms (Figure 3). IIS inhibition results in elevated expression 

of a spectrum of anti-microbial genes as well as increased survival in the presence of 

numerous pathogens.[85]

The IIS and JH/20E pathways are the prominent candidates for mediating the immunity-

fertility dialogue because of the strikingly opposing impacts they have on the two processes. 

However, other signaling cascades have very plausible roles in this relationship as well. For 

instance, in Drosophila, the immune-responsive Jun-N Kinase (JNK) cascade represses IIS 

signaling.[86] In fact, in both worms and flies immune-regulatory pathways often intersect 

with, or have roles in, reproduction. The TGFβ pathway plays an important protective role 

during pathogenesis in worms while mediating reproductive aging.[85,87] Similarly, the 

conserved p38 MAPK cascade, a cornerstone of worm immune responses, also controls 

apoptosis in the germline during infection.[85,88,89] In Drosophila, a canonical p38-mediated 

MAPK cascade contributes to defense against microbial infection too, and a protective role 

for TGFβ signaling upon infection by Micrococcus luteus has been identified.[90,91] Both 

pathways also influence fertility and reproductive fitness in flies.[92,93] Hence, it is 

conceivable that the mutual interactions of these pathways shape the transcriptional 

programs that determine reproductive health and immune status. Though the details vary, 

these functions are conserved between species.
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CONSERVED TRANSCRIPTION FACTORS ARE INVOLVED IN THE 

IMMUNITY-FERTILITY DIALOGUE

Signal transduction cascades are conduits that transmit physiological and environmental 

information to downstream transcription factors that bring about requisite gene expression 

changes. So, it is expected that the signaling pathways involved in the immunity-fertility 

crosstalk impinge on transcription regulators. Indeed, reduced IIS signaling inhibits the 

activity of several proteins essential for triggering anti-microbial gene expression, including 

the conserved FOXO family members DAF-16 in worms and dFOXO in flies.[94] But, are 

there dedicated transcription factor(s) that integrate these signals to directly control the 

immunity-fertility crosstalk? Recent studies have revealed the existence of such “master 

regulator” proteins. We serendipitously discovered such a role for TCER-1, the C. elegans 
homolog of the human transcription elongation and splicing factor, TCERG1.[95,96] We first 

identified TCER-1 as a factor that conferred enhanced lifespan on C. elegans adults lacking 

a germline.[97] In investigating its functions in normal, fertile animals, we discovered that 

TCER-1 was essential for fertility and reproductive health. tcer-1 mutants laid fewer, and 

less healthy, eggs and showed signs of premature reproductive senescence.[98] Interestingly, 

we also found that tcer-1 mutants showed exceptional resistance against infection by P. 
aeruginosa and other Gram-positive and Gram-negative pathogens. Conversely, TCER-1 

overexpression decreased resistance upon infection.[59] Given that pro-longevity genes often 

enhance stress resistance and immune resistance, this was an unexpected discovery as it 

suggested that TCER-1 is a novel pro-longevity factor that widely represses immunity. We 

further found that TCER-1 inhibits immunity only during the fertile stages of life and not 

after reproductive cessation, suggesting that it may repress immunity to divert cellular 

resources towards fertility. To test this, we asked if elevating TCER-1 levels can alleviate the 

decline in progeny production experienced by worms upon infection. Indeed, while normal 

animals exhibited a ~65–70% reduction in egg laying within 12 h of being exposed to P. 
aeruginosa, worms that overexpressed TCER-1 showed considerable protection against this 

fertility loss.[59] Hence, TCER-1 appears to provide a molecular link that determines the 

animal’s physiological status on the continuum of peak fertility to peak immune fitness 

(Figure 2). These discoveries are interesting not only because they reveal TCER-1 to be an 

important arbiter of the immunity-fertility crosstalk, arguably one of the first such factors to 

be identified, but also because they open avenues to discover the molecular basis of resource 

allocation, a question that has previously been inaccessible. If, for instance, TCER-1 (and 

other factors like it) directs resource allocation to tilt the balance between fertility and 

immunity, then these resource(s) can now be identified.

LIPID METABOLISM IS MODULATED BY REGULATORS OF IMMUNITY-

FERTILITY AXIS

In both invertebrates and vertebrates, the primary cellular resource capable of meeting the 

high energetic demands of reproduction (i.e., production of eggs and the deposition of large 

quantities of fat, proteins and organelles in them) is stored fat. Fat also fulfills the high-

energy required to mount immune response during infections across phyla.[99,100] Lipids 

also serve as key signaling molecules for orchestrating immune/stress tolerance gene 
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expression and progression of many, if not all, steps of reproduction.[99] There are several 

strong lines of evidence in both flies and worms that suggest that cellular lipids may form a 

vital link between fertility and immunity. TCER-1 promotes longevity by mediating 

widespread changes in lipid anabolic and catabolic pathways and maintaining lipid 

homeostasis in germline-less worms, so it is highly likely that the protein also impacts lipid 

metabolism to support fertility and inhibit immunity.[98] Interestingly, another conserved 

pro-longevity factor, SKN-1, worm homolog of the human protein NRF2, has recently been 

identified as modulating lipid deposition into eggs upon infection.[101] The Curran lab found 

that exposure to a pathogenic strain of P. aeruginosa, but not an avirulent one, causes a rapid 

depletion of somatic lipids and a concomitant transfer of fats to the eggs reliant upon SKN-1 

activity. SKN-1 gain-of-function mutants exhibit reduced somatic fat and increased lipid 

deposition in eggs even without pathogen exposure. These mutants are highly susceptible to 

pathogen-mediated death and restoring their somatic fat levels also restores their resistance 

against pathogen.[101]

Evidence for lipid allocation being an important link between immunity and fertility also 

comes from the studyof CEH-60 and UNC-62, C. elegans orthologs of the TALE class of 

homeodomain transcription factors, PBX and MEIS, respectively. In a recent study, Robert 

Dowen demonstrated that CEH-60 and UNC-62 act together in a complex to directly 

activate the expression of vitellogenin (VIT) proteins that transport fat into eggs, and to 

repress stress-responsive genes including those conferring immunity (Figure 3).[102] 

Consequently, ceh-60 mutants have reduced fat deposition in their eggs but hyperactivation 

of innate immunity genes and increased survival in the presence of P. aeruginosa.[102] 

Notably, the signaling cascades discussed above are also conserved regulators of lipid 

metabolism, and studies in other organisms also link fat to immune response. In Drosophila, 

JH is critical for incorporation of VITs and associated lipids into maturing oocytes, whereas 

pathogen exposure (or genetic activation of the immune response) leads to decreased 

triglyceride levels in the fly fat body through suppression of IIS.[75,103] The regulation of 

lipid metabolism by IIS is, in turn, conserved between flies, worms and mammals. Whether 

lipids are the only resource whose allocation directs the immunity-fertility balance, and the 

kind of qualitative and quantitative changes they may be subjected to during the process, 

remains unknown.

Another outstanding question about these recent discoveries pertain to their conservation in 

mammalian systems and their potential relevance to the immunity-fertility axis in humans. 

While it is a given that vertebrates and invertebrates clearly differ, it is noteworthy that many 

of the genes and molecules discussed here are conserved. TCERG1 is highly enriched in 

vertebrate oocytes, including mice, monkeys and humans.[104,105] Similar to our 

observations that TCER-1 declines with age in the worm germline, TCERG1 levels 

reportedly diminish significantly with age in oocytes of mice and women.[59,105,106] 

Additionally, mutants for the Arabidopsis homologue of TCER-1, AtPRP40C, show a late-

flowering phenotype and increased resistance against P. syringae pv. maculicola infection, 

raising the enticing possibility of functional conservation.[107] Like SKN-1, its mammalian 

homolog, NRF2, plays key roles in the innate immune response.[108] NRF2 impacts 

oogenesis and spermatogenesis as well as regulation of lipid metabolism in adipocytes and 

the liver.[109–111] Similarly, FOXO-mediated expression of anti-microbial proteins is 
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conserved from worms to mammals, as is the function in lipid homeostasis.[94] The 

interactions between PBX, MEIS and other TALE members are also conserved across 

species, and while they have mostly been studied for their roles in mammalian neuronal 

development, there is increasing evidence for their roles in lipid homeostasis.[112] Notably, a 

human CEH-60 ortholog, PBX1, has been shown to control maintenance of immune 

tolerance in T cells, and genetic variations in the Pbx1 gene have been associated with lupus 

susceptibility.[113]

CONCLUSIONS AND OUTLOOK

A wealth of evidence exists for the profound links between reproductive status and immune 

health in species ranging from worms to humans. But, deciphering the molecular 

mechanisms underlying this dynamic association has been challenging. Even in simple 

invertebrates, where tradeoff and resource allocation appear to be the overt drivers of this 

relationship, it has been difficult to identify the limiting resources or the molecular pathways 

controlling their distribution. However, recent discoveries in model organisms have begun 

revealing the existence of signaling pathways and transcriptional “master regulators” that 

integrate physiological and environmental signals to orchestrate the balance between 

reproductive fitness and immune health. The mutual relationships of these transcription 

factors and signaling molecules remain unknown, as do the identities of other players 

controlling this complex relationship. These are likely to be major foci of current and future 

investigations in the field (Box 2). As many of these genes and molecules are evolutionarily 

conserved, investigating their biology holds the promise of expanding our understanding of 

the immunity-fertility axis in humans and leveraging it in the service of human health.
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BOX 1:

The Immunity-Fertility Relationship Explicated by the Life History Theory

Life history theory (LHT), first proposed by MacArthur and Wilson in 1967, explains the 

evolutionary drivers of lifecycle diversity across species as well as individual organisms’ 

need to optimize survival in the face of limited energy supply and environmental 

challenges. LHT posits that there are “tradeoffs” between competing life history traits 

(e.g., growth, procreation, lifespan, immunity) where organisms will invest more in one 

function at the expense of another. Tradeoff strategies have been found to be remarkably 

prevalent across phylogenetic groups. In a recent analysis of 121 invertebrate and 

vertebrate species, Healy et al.,[19] suggested that tradeoff relationships may shape over 

70% of life-history strategies. In this framework, reproduction and immunity, which are 

highly energy dependent and plastic functions, are proposed to be mutually antagonistic 

due to a competing reliance on limited organismal resources. Studies of life history traits 

in invertebrates have provided the earliest documentation of, and insights into, the 

complexities of this reproduction-immunity axis. This work has also shown reproduction-

immunity tradeoffs can be facultative (occurring only when resources are limiting) or 

obligate (independent of resource availability). Moreover, despite its popularity, LHT has 

limitations as well as exceptions. For instance, poor correlation has been observed 

between the energetic demands of reproduction and consequent degree of immunity 

suppression, emphasizing the significance of resource-independent features. In some 

species (e.g., Queen Ants, Bumble Bees), mating is in fact beneficial to the mother’s 

immunity. The rather simplistic view of reproductive behavior proposed by LHT has been 

succeeded by alternative theories that do not mandate tradeoffs (e.g., Antagonistic 

Pleiotropy). Thus, while resource allocation is an important attribute of the immunity-

fertility relationship, there are many other variables that play key roles. The molecular 

determinants of the immunity-fertility axis discussed in this review are liable to both 

match and defy the classical LHT tradeoff paradigm, and likely to explain more nuanced 

aspects of this relationship.
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BOX 2:

Concluding Questions

• What is the molecular currency involved in the immunity-fertility tradeoff? 

Could lipids or other cellular building blocks play this role?

• What are the “master regulator” proteins that link reproduction and immune 

status and what are their mechanisms of action?

• How conserved are the mechanisms that regulate immunity-fertility tradeoffs 

between invertebrates and mammals, especially primates?

• What are the long-term consequences of the immunity-fertility crosstalk on 

maternal post-reproductive health?

• Are the global changes in modern human reproductive profiles influencing the 

evolution of our immune system?
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FIGURE 1. 
Comparison of immune systems across invertebrate and vertebrate species. The main 

constituents of the immune systems of the invertebrate (worms, flies) and vertebrate (mice, 

humans) species discussed in this review are depicted. A universal innate immune response 

(left column) is conserved from worms to flies, whereas major elements of adaptive 

immunity (middle and right columns) are absent in invertebrates (though dedicated immune 

cells have been identified in flies). The major features of each arm of the immune system are 

recapitulated along with layers of complexity added at each evolutionary level (shown by 

nested rectangles of progressively darker shades of green). Ab, antibody; Ag, antigen; HSR, 

heat shock response; PGRP, peptidoglycan pattern recognition receptor; UPR, unfolded 

protein response
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FIGURE 2. 
Immunological adaptations of pregnancy and impacts on disease susceptibility. Pregnancy in 

placental mammals such as humans is characterized by unique immunological adaptations 

that allow the genetically distinct fetus to survive within the mother’s body. The 

establishment, maintenance and successful completion of healthy pregnancy relies on finely 

tuned alterations in the maternal innate- and adaptive- immune systems, both at the ‘local’ 

maternal-placental-fetal interface as well as systemically. An early rise in activity of innate-

immune cells is critical for fetus implantation. It is followed by a generalized suppression 

during much of pregnancy and another surge at the end of term that facilitates labor and 

parturition. Maternal adaptive immunity also undergoes major shifts resulting in a dramatic 

expansion of a anti-inflammatory T cell populations, the Treg and Th2 cells, that produce 

anti-inflammatory cytokines and concomitant reduction in pro-inflammatory T cell types, 

Th17 and Th1, respectively. These widespread immune alterations impact the mother’s 

immune resistance, increasing the susceptibility, and/or severity, to many infections (select 

list in blue) while ameliorating some autoimmune diseases (select list in gray)
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FIGURE 3. 
Molecular determinants governing the fertility-immunity axis in invertebrates. There is 

extensive literature documenting the mutual impacts of reproductive activity and immunity 

in invertebrates. Studies in the fruit fly, D. melanogaster (top), and the nematode, C. elegans 
(bottom), have begun to reveal the underlying molecular pathways. In D. melanogaster (top 

panel), major endocrine signaling cascades, the juvenile hormone (JH) pathway and the 20 

hydroxy ecdysterone (20E) pathway, that control growth and maturation, have antagonistic 

impacts on fertility and immunity. JH promotes reproduction and inhibits immunity, along 

with the conserved growth regulator, the insulin/IGF1 signaling (IIS) pathway, whereas, 20E 

acts as an immune activator. The IIS pathway also inhibits immune activity and supports 

reproductive health in C. elegans (bottom panel). Recent studies in worms have also 

identified transcription factors with roles in this relationship. TCER-1, worm homolog of 

human transcription elongation and splicing factor, TCERG1, promotes reproductive fitness 

and represses innate immunity. CEH-60 and UNC-62, worm orthologs of the TALE class of 

homeodomain proteins, PBX and MEIS, act in a complex to mediate fat transport into 

oocytes, and to repress innate-immune genes’ expression, facilitating allocation of lipids 

towards fertility.
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